Abstract: Temporal changes in autotrophic periphyton (algae and cyanobacteria) in relation to the colonization of Dreissena polymorpha, an invasive species, were investigated in situ using artificial substrata (glass slides) from April to August of 2008 in a Danubian floodplain. The colonization of cyanobacteria and planktonic diatoms firmly attached to the substrata followed by the development of apical pad forming diatoms and stalk forming diatoms, resulted in the rapid formation of a three-dimensional structure of periphyton. Increasing water temperatures, together with the well developed autotrophic periphyton, supported the colonization of Dreissena. A total of 16 size classes of Dreissena were found during the gradual mussel community development. The community most likely formed from the initially settled larvae which dominated the first period of aggregation, while adult individuals dominated the later phase, contributing to the increase in habitat complexity. High competition for space and nutrients on small-size substrata limited the autotrophic periphyton to achieve the "climax community" characterized by filamentous green algae. Consequently, algal abundance decreased and diatoms firmly attached to the substrata prevailed. The decrease in mussel abundance at the end of the colonization experiment enabled a gradual increase in diatom abundance and redevelopment of a three-dimensional autotrophic periphyton structure. Altogether, our results showed that dense coverage of hard surfaces by mussels may have negatively influenced the algal community causing a significant decrease in algal abundance and a shift to the dominance of species resistant to the disturbance.
Introduction
As a complex community of bacteria, fungi, cyanoprokaryotes, algae and invertebrates, associated with detritus, periphyton develops on substrates immersed in waters and creates a habitat for various organisms (Vandeboncoeur & Steinman 2002 , Azim et al. 2005 . The functioning and development of this complex community can be regulated by different abiotic and biotic factors, such as light intensity (Hillebrand et al. 2004) , nutrients (Scott et al. 2009 , Mulholland & Webster 2010 , competition and grazing (Liboriussen et al. 2005) .
In floodplains, the most productive and diverse ecosystems on the earth (Tockner & Stanford 2002) , flooding dynamics provides a high level of habitat heterogeneity and supports intensive periphyton development (Rodrigues & Bicudo 2001 , Gottlieb et al. 2006 . A periphyton colonization study showed that nutrient rich floodplain waters with well developed bacterioplankton and phytoplankton, offer ideal conditions for rapid colonization of autotrophic periphy-ton (Mihaljević & Žuna Pfeiffer 2012) . Diatoms were the most successful species during the colonization in spring conditions. Colonization of planktonic species and horizontally positioned diatoms followed by stalkforming to vertically positioned diatoms resulted in the formation of a three-dimensional autotrophic periphyton structure (Mihaljević & Žuna Pfeiffer 2012) . It is known that seasonality of physical factors (water temperature, light intensity) can significantly influence progress and structure of autotrophic communities and green filamentous algae usually characterize the mature periphyton in the summer (Hoagland et al. 1982) . Periphyton development and production are strongly dependent on the assemblage of autotrophic and heterotrophic species that exist in the community.
Zebra mussel (Dreissena polymorpha Pallas, 1771), a Ponto-Caspian invasive species (Qualls et al. 2007 ) can be abundant in periphyton. It has become one of the most dominant bivalves in many European freshwater rivers, lakes and floodplains (Mihuc et al. 1999 , Padilla 2005 , Bogut et al. 2010 , Lajtner & Crnčan 2011 . D. polymorpha has a complex life cycle that includes two larval forms (trochophore and veliger) and a few mussel forms (plantigrade, juvenile and adult) differing in size and age stages (Ackerman 1995) . Known as "ecosystem engineers" (Jones et al. 1997) , mussels influence both the structure and function of the environment they invade (Karatayev et al. 2002 , Mayer et al. 2002 . Thus, mussels affect benthic macroinvertebrate communities by enhancing conditions for deposit-feeding organisms and small predatory invertebrates (Ricciardi et al. 1997) . Especially important is their influence on algal communities. Dreissenids can be dominant consumers of phytoplankton resulting in a decrease in phytoplankton abundance and an increase in water clarity. As a consequence of greater light availability, benthic algae and macrophytes can develop more intensively and a shift from phytoplankton-to macrophyte-dominated state could be established (Pillsbury et al. 2002 , Vanderploeg et al. 2002 . Spatially complex aggregations of abundant dreissenid shells provide habitat for diverse algal assemblages (Makarevich et al. 2008) . Furthermore, dreissenids may affect nutrient availability, and consequently algal composition. Their selective feeding is an important selective force favoring dominance of colonial cyanobacteria in summer (Vanderploeg et al. 2002) .
The aim of this study was to determine short-term changes in the autotrophic periphyton community during the colonization on artificial substrates in floodplain waters of Kopački Rit Nature Park, one of the largest floodplains of the Danube River. D. polymorpha has recently been found in the floodplain habitats on different types of substrates including sandy silt sediment (Bogut & Vidaković 2002) and different macrophyte species (Bogut et al. 2010) . Thus, the specific goals were to find out how the colonization of D. polymorpha affects autotrophic periphyton community development, and to provide a deeper insight into the size structure of the D. polymorpha community.
Material and methods

Study site
The colonization experiment was carried out in the floodplain area of Kopački Rit Nature Park (Croatia) situated between river 1,383 and 1,410 km of the Danube (Fig. 1) . The dominant wetland types are permanent freshwater marshes/pools, ponds, marshes, and swamps on organic soils, with emergent vegetation waterlogged during most of the growing season. The area is part of the Pannonian biogeographic region and has a typical continental climate with wide annual fluctuations of air temperatures and precipitation distribution, as well as four distinctive seasons. The study site, Lake Sakadaš, is located in the western part of the floodplain (close to the embankment) and in direct hydrological connection with the Danube main channel through two channels (Csonakut and Hulovo channels, total length ca. 10 km). The experimental site was located in the eastern part of the lake, close to the mouth of Csonakut channel. The average depth of the lake is 5 m and the surface water area is approximately 0.15 km 2 . During the past few decades, the lake has been in eutrophic/hypertrophic state according to the OECD system (OECD 1982) , with an annual average total phosphorus concentration higher than 100 µg l -1 , water transparency less than 1.5 m, and maximum phytoplankton chlorophyll-a concentration higher than 50 µg l -1 (Mihaljević & Stević 2011) .
Study design and sampling
Artificial substrates, microscope glass slides (37.5 cm 2 ), mounted into modified plastic box holders and oriented vertically in the water column were placed at a depth of 0.2 m in the lake. In total, 4 plastic box holders were fastened to a frame that floated on the water surface and was anchored with rope to stone blocks on the lake bottom (for details, see Palijan 2010) . Periphyton was sampled at weekly intervals (7-8 days) during the spring-summer period, from 22 April (day 7) to 19 August 2008 (day 126). Thus, the colonization study comprised of 18 sampling occasions in total. On each sampling occasion three slides for fauna analyses, three slides for autotrophic periphyton community analyses, three slides for chlorophyll analyses and three slides for periphyton biomass analyses were taken randomly. Samples for fauna analysis were transported to the laboratory in bottles containing a 4 % solution of formaldehyde. Samples for chlorophyll analyses, autotrophic species analyses and total periphyton biomass determination were placed separately into glass bottles with sterile water. In order to minimize cell death or dehydration, periphyton samples were transported to the laboratory within 1 hour after sampling in a dark plastic box at low temperature. Simultaneously with periphyton sampling, water samples for chemical analyses were taken just beneath the water surface (approximately at 0.2 m depth) at the study site.
Physico-chemical analyses
Ammonium, nitrate, nitrite, total nitrogen and total phosphorus were analyzed according to APHA (1985) . Water temperature, pH, dissolved oxygen concentration, and conductivity were measured in the field using the Multi 340 i/set. Water depth and transparency were measured with a Secchi disc. For chlorophyll concentration, water samples and periphyton scraped from the glass slides were filtered through a Whatman GF/C glass fibre filter and extracted with acetone. Concentrations of phytoplankton chlorophyll-a and periphyton chlorophyll-a were determined according to SCOR-Unesco (1966) and Strickland and Parsons (1968) . Periphyton biomass (dry weight, DW, and ash-free dry weight, AFDW) were analyzed according to APHA (1985) .
Autotrophic periphyton community analyses
Autotrophic periphyton species (cyanobacteria and algae) were identified at least to species level using a microscope (Carl Zeiss Jena) at multiple magnifications (400×, 1000×) and standard literature for species determination. For quantitative analysis, the individuals of each species (cell, filament or colony) were counted (Sekar et al. 2004 , Szabó et al. 2008 ) after sedimentation in a counting chamber with a millimeter grid with an area of 1 cm 2 and using the light microscope (Carl Zeiss Jena). Only diatom taxa were counted as a group. To identify the diatoms, periphyton subsamples were cleaned in distilled water, H 2 O 2 and HCl treated (Szabó et al. 2008) . In each cleaned sample, 300 -400 valves were counted and identified to species level. The total number of each diatom species was calculated as a ratio between the number of diatom valves counted on samples embedded in Canada balsam and the total number of diatoms counted on a millimeter grid. Autotrophic periphyton species were expressed as the number of individuals per substrate area (cm 2 ) (Stilinović & Plenković-Moraj 1995) . Only species that Unauthorized distribution of this copyrighted material is strictly forbidden! Downloaded from www.schweizerbart.de contributed with a minimum of 5 % to the total abundance were considered to be dominants. The periphyton from each glass slide was analyzed separately, and average values of three slides were used for statistical analysis.
Dreissena polymorpha analyses
In the laboratory, samples of periphyton were scraped off with a razor, rinsed with tap water and sieved through a 24 µm mesh aperture sieve. All material retained on the sieve was examined under a dissecting microscope (Carl Zeis Jena and Olympus SZX9) under different magnifications (1.5 -20×). D. polymorpha individuals were separated, counted and measured lengthwise (mm), and placed into size classes according to their shell length. In total, 16 size classes were defined: individuals which measured less than 0.5 mm belonged to the size class I, between 0.5 and 1 mm to size class II, and then every subsequent size class was determined for the individuals 1 mm bigger than in the previous category (Smit et al. 1992 , Strayer & Malcom 2006 . Size class I, size class II and size class III include pediveliger and early plantigrade stage, late plantigrade stage, and juvenile stages, respectively. Adult mussels were classified in size classes IV to XVI. Mussels from each glass slide were analyzed separately, and average values of three slides were used for statistical analysis. Zebra mussel abundance is expressed as the number of individuals per substrate area (cm 2 ).
Statistical analyses
Redundancy analysis (RDA) was performed using Canoco 4.5 (Biometrics-Plant Research International, the Netherlands) in order to allow identification of physico-chemical variables correlated with the abundance of the Dreissena polymorpha size classes and dominant autotrophic species abundance on the glass slides. RDA was selected according to an initial detrended correspondence analysis (DCA) with gradient length < 3.0, which suggested a linear ordination model (Lepš & Šmilauer 2003) . Abundances of D. polymorpha and autotrophic periphyton species were logarithmically transformed (log 10 (x +1)) to obtain a normal distribution. The statistical significance of the RDA axes was tested by Monte Carlo permutation tests. The importance of each variable was assessed using forward selection. Hierarchical cluster analysis was used to determine similarity among samples, linking the samples in hierarchical groups based on similarity and represented by a dendrogram using Primer 5.0 software (Clarke & Warwick 2001) . Similarities were calculated for every pair of samples using the BrayCurtis similarity index computed on the abundance of dominant autotrophic periphyton species and on the D. polymorpha abundance separately. Environmental variables (except pH and conductivity), abundances of D. polymorpha and dominant autotrophic periphyton species were logarithmically transformed (log 10 (x +1)) for hierarchical cluster analysis.
Results
Environmental parameters and periphyton biomass
Limnological conditions at the sampling site are summarized in Table 1 . Water depth of the lake did not fall under 6.5 m due to the frequent influx of floodwaters into the lake during the spring and summer. Water transparency was the highest (3.2 m) in the middle of May, while it was very low (0.7 m) in July and August. A significant negative correlation between transparency and phytoplankton chlorophyll-a concentration (r = -0.73, p = 0.001) was found. Water temperature increased above 20.0 °C in the middle of May, and peak values were measured in June (28.8 °C) and July (27.7 °C). Dissolved oxygen concentration was high (7.8 -13.8 mg l -1 ) during the colonization experiment indicating a well-oxygenated upper layer of water. pH values (7.5 -8.7) indicated low alkaline conditions. In spite of significant variations in nutrient concentrations, the floodplain lake retained high nutrient concentrations (mean values 193 µg l -1 of total phosphorus and 954 µg l -1 of total nitrogen).
Periphyton biomass (expressed as DW and AFDW) gradually increased from the beginning of the colonization experiment towards day 119 (Fig. 2) . A substantial decrease in biomass was recorded on day 126. Periphyton chlorophyll-a concentrations increased until day 42 (4.1 μg cm -2 ), the highest concentration (4.4 μg cm -2 ) was recorded on day 98, while lower values (1.7-2.2 μg cm -2 ) were recorded at the end of the colonization experiment (days 112 -126).
Autotrophic periphyton community
A total of 199 autotrophic taxa were identified in the periphytic communities during the experiment. The number of taxa varied from 55 taxa on day 7 to 94 taxa on day 91. The total abundance of autotrophic periphyton taxa (Figs 2 and 3) increased from 1.7 × 10 3 ind. cm -2 (day 7) to 613.9 × 10 3 ind. cm -2 (day 42). Cyanobacterial species Aphanocapsa delicatissima W. West et G. S. West, Gleocapsa punctata Nägeli and Phormidium mucicola Hub.-Pest. et Naum were dominant only on day 7 and contributed up to 86 % of the total abundance. The abundance of diatoms increased during the colonization experiment and they dominated from day 14 onwards. On days 14 and 21, the most abundant were Fragilaria ulna (Nitzsch) LangeBert., Gomphonema acuminatum Ehrenb., G. olivaceum (Lyngb.) Desm., G. parvulum (Kütz.) Kütz., Temporal variations of (a) autotrophic periphyton species and Dreissena polymorpha abundance, (b) periphyton dry weight (DW) and ash-free dry weight (AFDW) and (c) periphyton chlorophyll-a concentrations (PChla) during the research period (day 7 -day 126; N = 3, ± SD).
Unauthorized distribution of this copyrighted material is strictly forbidden! Downloaded from www.schweizerbart.de G. truncatum Ehrenb. and Stephanodiscus hantzschii Grun. After that, to the end of the research period, Achnanthidium minutissimum (Kütz.) Czar, Cymbella ventricosa Kütz. and Amphora ovalis (Kütz.) Kütz. were the most abundant.
Dreissena polymorpha abundance and size classes
Zebra mussels started to colonize the substrate in May, on day 35 (Figs 2 and 4) . Only a few individuals were found on days 35 and 42. Afterwards, the abundance increased more rapidly and the highest total abundance (15.9 ind. cm -2 ) was recorded on day 70. From day 56 to day 70 more than 10 ind. cm -2 were found. After the maximum, the abundance of D. polymorpha decreased towards the end of the study (Fig. 2) . Colonization of Dreissena began with a few pediveliger individuals (I) (Fig. 4) . During the initial colonization period, the Dreissena community comprised only larval stages. Size class I and II individuals were present in the periphyton community until July (days 77 and 91, respectively). The representatives of juvenile (III) and early adult stages (IV) appeared first in June, on day 56. On the last few sampling dates, size classes VIII, IX and X were most abundant. Size classes XV and XVI were found only in samples from the last two sampling dates (Fig. 4) .
Dreissena polymorpha and autotrophic species in the environmental gradient
The eigenvalues for RDA axis 1 (0.370) and axis 2 (0.212) explained 58.1 % of the variance in the autotrophic periphyton species and Dreissena size classes. The species-environment correlation of RDA axis 1 and RDA axis 2 were 0.988 and 0.918, respectively, indicating a significant relationship between environment variables and 16 size classes of D. polymorpha and 17 dominant periphyton cyanobacterial and algal species. Most of the variance contained in the first and second RDA axes is described by the following environmen- Fig. 3 . Changes in the relative abundance of autotrophic periphyton species during the study period (day 7 -day 126). Legend: Achnanthidium minutissimum ACHMIN, Amphora ovalis AMPOVA, Cocconeis placentula COCPLA, Cymbella ventricosa CYM-VEN, Epithemia sorex EPISOR, Epithemia zebra EPIZEB, Fragilaria ulna FRAULN, Gomphonema acuminatum GOMACU, Gomphonema olivaceum GOMOLI, Gomphonema parvulum GOMPAR, Gomphonema truncatum GOMTRU, Melosira varians MELVAR, Navicula pupula NAVPUP, Stephanodiscus hantzschii STEHAN, Aphanocapsa delicatissima APHDEL, Phormidium mucicola PHOMUC, Gloeocapsa punctata GLOPUN. Species which contributed with less than 5 % of the total autotrophic periphyton abundance were grouped into "other species". Data represent the mean value of three glass slides.
Unauthorized distribution of this copyrighted material is strictly forbidden! Downloaded from www.schweizerbart.de tal parameters (Fig. 5) : dissolved oxygen concentration (r RDAaxis1 =+0.58), conductivity (r RDAaxis1 =+0.52), periphyton chlorophyll-a concentration (r chlaRDA axis1 = -0.66), phytoplankton chlorophyll-a (r RDAaxis1 = -0.50; r RDAaxis2 = -0.42), periphyton biomass (r DW RDAaxis1 = -0.53, r DW RDAaxis2 = -0.55), water temperature (r RDAaxis2 = -0.83) and transparency (r RDAaxis2 =+0.59). RDA indicated that the early colonization phase was characterized by high transparency, dissolved oxygen concentration and conductivity (Fig. 5) ; presence of early developmental stages of D. polymorpha was characterized by high periphyton chlorophyll-a concentration, transparency and water temperature, while later developmental stages were associated with periphyton biomass and phytoplankton chlorophyll-a. According to RDA, nutrient concentrations in water were not identified as significant variables.
The results of hierarchical clustering (Fig. 6a ) based on the abundance of autotrophic periphyton species at Bray-Curtis similarity level of approximately 80 % revealed five distinctive groups. The first three groups encompassed the phases of gradual colonization of autotrophic species to the formation of a threedimensional community structure. The fourth group represented a disrupted autotrophic periphyton community (species firmly attached to the substrate), while the fifth group encompassed the phases of gradual redevelopment of a periphyton community. The results of hierarchical clustering (Fig. 6b) based on abundance of D. polymorpha size classes at Bray-Curtis similarity Unauthorized distribution of this copyrighted material is strictly forbidden! Downloaded from www.schweizerbart.de 
Discussion
Periphyton development on artificial substrates in the investigated floodplain lake is a very dynamic process and the colonization of zebra mussels has a profound influence on the succession and community structure of the periphytic autotrophs. According to our statistical analyses, distinctive phases in periphyton development can be defined. From the beginning of the colonization experiment, gradual colonization of autotrophic species led to the formation of a three-dimensional community structure. Progressive settling and development of D. polymorpha caused the disruption of the autotrophic periphyton community, while the decrease in mussel abundance at the end of the colonization experiment probably enabled an increase in autotrophic species abundance and gradual redevelopment of the periphyton community. High concentrations of organic matter in floodplain waters, high abundance of bacteria (Palijan 2010 ) and well developed phytoplankton communities, as was shown by high phytoplankton chlorophyll-a concentrations, supported the formation of a "conditioning film" (Ács et al. 2007 ) which enabled rapid periphyton development (Hoagland et al. 1982) . Cyanobacteria (Aphanocapsa, Gloeocapsa, Phormidium) and planktonic diatoms (Stephanodiscus hantzschii) are able to attach to the already developed biofilm (Ács et al. 2007 ) and were among the first species colonizing the artificial substrata. Further immigration of diatoms can be related to their morphological characteristics. Thus, from the second week, large-bodied, apical pad forming Fragilaria ulna and Melosira varians settled more rapidly to the surface of the substratum (Ács & Kiss 1993) and reached a high relative abundance probably supported by high conductivity. F. ulna was also found as a pioneer colonist of artificial substrates in the River Danube (Ács & Kiss 1993 (Ács & Kiss , Ács et al. 2000 .
Apical pad forming diatoms were replaced by stalk forming Gomphonema and Cymbella species and by Achnantidium minutissimum which can have a different position in the periphytic community. During the colonization process, these adherence strategies are useful adaptations to avoid competition for nutrients and light (Bahulikar 2006) .
The development of heterotrophic organisms in the periphytic communities generally depends on the production of autotrophic periphyton species (Haack & McFeters 1982) . Thus, colonization of D. polymorpha began in the late spring (May) after the formation of the well developed autotrophic periphyton community. The colonization process of Dreissena species was correlated with increasing water temperature and decreasing conductivity, as was shown by the RDA. It is known that all stages of Dreissena's life cycle have a strong dependency on water temperature. In most cases, 10 -12 °C is the threshold temperature for growth of the mussel; at 30 °C growth stops and at 32 °C individuals die (Karatayev et al. 2006 ). Dreissenids have different modes of spreading during different stages in their life cycles, as planktonic larval stage or settling benthic stages (Son 2007) . Dreissena eggs usually remain immature during the winter-early spring period. Also, the overwintering plantigrade larvae can represent a source for the development of a new population translocating from winter position to a plant or other new substrate (Claudi & Ackerman 1992) . Pediveliger finds an adequate substrate for settlement and metamorphoses into postveliger or plantigrade stage within 18 -90 days after fertilization, which can be prolonged if there are no suitable surfaces covered with algae (Ackerman et al. 1994) . The suitable temperature range of 16 to 19 °C for larval production (Sprung 1993 ) was reached at the beginning of the study period (16.6 -20.4 °C) . After the appearance of first individuals of size class I, we recorded the first peak after two weeks, and the second peak two weeks after that, while Nichols (1996) found that larval abundance is rather low at the beginning of the larval production and that a period of 4 to 8 weeks is required for the first of the two peaks to occur. A similar occurrence was found for size class II individuals. According to the two-phase model, the settlement of pediveliger and metamorphosis is the first phase; the second phase is translocation of plantigrade, juvenile and adult mussels (Ackerman et al. 1994) . As the colonization progressed there was a shift from the predominance of smaller sized individuals and an increase in the higher size class abundance, indicating the development of the Dreissena community from the initial association, i.e. primary settled larvae and juveniles on the glass slides. If the adult mussels colonized the slides from the surroundings, there would be more large-shelled individuals recorded during the earlier phases of the colonization process. The adult mussels gradually grew, with maximum sizes reached on the last two sampling dates. Individuals were mostly arranged in clusters and often near the edges of the slides; however, as the periphyton community developed and mussel abundance rose, they filled all available spaces. Zebra mussels prefer edges and angles, and usually live in dense aggregations (Stańczykowska 1964 , Kobak 2004 probably as a strategy to avoid predators (Kobak & Kakareko 2009 ). Furthermore, Lauer (1997 noticed that a newly created space in the centre of a Dreissena colony will be rapidly re-colonized by the mussels. Competition for space, related to competition for food and oxygen, could motivate the movement of mussels (Lauer 1997) . Glass slides, being a firm surface, submersed into water near the surface, provide a very good substrate for the development of the abundant Dreissena community, which could be seen in a densely formed association in Lake Sakadaš. In shallow waters, zebra mussels can grow faster, possibly due to a more suitable temperature and more available food than at larger depths (Mikheev 1964 , Garton & Johnson 2000 . For example, Mikheev (1964) found that yearling mussels reached the size of 14 mm, at 1-1.5 m depth. The maximal shell length mussels reached during our colonization experiment was 15 mm, but most abundant of the adult mussels were those belonging to size classes VIII, IX and X, i.e. 6 -9 mm in length. The size of the slides could have been a limiting factor for the abundance and size of the individuals, since the slides were packed with Dreissena druzes towards the end of study.
Low abundance of mussels in early developmental stages (e.g. pediveliger, plantigrade stage) has not significantly influenced autotrophic periphyton development and an increase in periphyton chlorophyll-a concentration and abundance of autotrophic species was continued. As a result, a complex three-dimensional autotrophic periphyton structure supported by stalk-forming diatoms (Gomphonema, Cymbella) was formed. However, a significant decrease in the total autotrophic species abundance established on day 49 indicated that loss processes existed. Death, emigration and sloughing of periphyton organisms due to light and nutrients limitation in a quite developed periphyton community, as well as grazing pressure, are well known factors that may lead to a decrease in autotrophic species abundance (Biggs 1996) . As a result, structural changes in algal communities occurred in the way that firmly attached, prostrate diatoms (Cocconeis, Amphora, Epithemia) became dominant. These species generate a high amount of mucus and are therefore more resistant to abruption and grazing (Ferreira & Seeliger 1985 , Pillsbury et al. 2002 .
D. polymorpha has a series of attributes that may influence abundance and structure of the autotrophic periphyton community. As efficient filter-feeders, mussels remove particulate organic matter from water thereby increasing water transparency that leads to an increase in benthic algal production (Pillsbury et al. 2002 , Cecala et al. 2008 ). Furthermore, mussels excrete nutrients and their shells may increase habitat heterogeneity and three-dimensionality of heterotrophic periphyton, supporting the development of high taxonomic diversity and abundance of autotrophic species (Nalepa & Fahnenstiel 1995 , Makarevich et al. 2008 , Fortino 2010 . Therefore, although physical and biological attributes of D. polymorpha probably have an important role, we believe that the abundant mussel aggregations on small-sized artificial substrates used for the investigation, and consequently the lack of the space necessary for the periphyton growth, were the most important factors controlling the changes in autotrophic communities. Since D. polymorpha comprised a largest portion of the total periphyton biomass, as it was shown by the significant correlation between the mussels' later developmental stages and total DW, competition for space was expressed and overgrowth of periphyton algae was limited. Furthermore, a correlation between the later developmental stages and phytoplankton chlorophyll-a indicate that mussels' high filtration activity influenced the phytoplankton community. Thus, intensive development of green algae to achieve a periphyton "climax community" was probably prevented by the filtration activity of abundant mussels that may consume zoospores of the green algae floating in the water column (Reutter et al. 1993) . Only Aphanocapsa delicatissima, a cyanobacteria with a mucilaginous sheath, was associated with the later developmental stages of D. polymorpha indicating that this species was not significantly affected by intensive development of zebra mussel (Heath et al. 1995) . It has been suggested that D. polymorpha avoid filtering certain algal species, especially those with thick mucilaginous sheaths around the cells, probably due to the large size and shape of the colonies (Pillsbury et al. 2002 , Dionisio Pires et al. 2005 . The decrease in mussel abundance at the end of the colonization experiment enabled a gradual increase in the autotrophic community. Progress in periphyton development was supported by the development of stalk-forming diatoms (Gomphonema spp., Cymbella) resulting in redevelopment of the three-dimensional autotrophic periphyton structure.
Conclusions
Rapid development of the three-dimensional autotrophic periphyton community creates favorable substrata for the colonization of Dreissena polymorpha. Gradual growth and the formation of abundant mussel aggregations most likely suppressed further progress and overgrowth of autotrophic species. High competition for space on small-size substrata could be one of the main factors that limited the autotrophic species development and shifted the community to the dominance of species resistant to disturbance. Altogether, long-term monitoring of population dynamics of D. polymorpha is necessary to elucidate the consequences of the invasion of this species in dynamic and complex floodplain habitats.
